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Abstract
High-performance cluster-jet targets are ideally suited and applied since years in hadron and laser plasma physics. Therefore, the
forthcoming MAGIX experiment at the future energy recovering electron accelerator MESA will use a cluster-jet target to perform
high precision measurements on electron scattering experiments, i.e., determination of the proton radius. For this purpose, a cluster-
jet target was designed, built up and set successfully into operation at the University of Mu¨nster considering the requirements of
the experimental setup of MAGIX. The details on these requirements, calculations to their realization, e.g., on the nozzle geometry
and stagnation conditions of the target gas, their technical implementation and the features of the target which make the target a
powerful state-of-the-art target, are highlighted in this publication. Furthermore, the measured and analysed jet beam characteristics
from this target using a Mach Zehnder interferometer are presented and discussed. These are of highest interest for the final design
of the complete experimental setup of MAGIX. Moreover, first measurements from commissioning beam times performed with the
target installed at the already running MAinzer MIkrotron will be presented.
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1. Introduction
One essential constituent of the upcoming MAGIX (MesA
Gas Internal target eXperiment) experiment at MESA (Mainz
Energy-recovering Superconducting Accelerator) will be a
high-performance cluster-jet target. Cluster-jet targets are
highly suited and established as targets for hadron and laser
plasma physics [1, 2, 3, 4, 5]. They provide a continuous
stream of target material by the expansion of (pre-cooled) gases
through a fine Laval nozzle. Such targets achieve a high and
constant beam thickness, which is at the same time adjustable
over several orders of magnitude by changing the stagnation
conditions of the gas in front of the nozzle.
Cluster-jet targets were already applied as internal targets, e.g.,
for the COSY-11 or ANKE (Apparatus for Studies of Nucleon
and Kaon Ejectiles) experiments at the COSY (COoler SYn-
chrotron) accelerator in Ju¨lich (Germany) [2, 6, 7]. These
targets realised hydrogen target thicknesses of more than
1015 atoms/cm2 in a distance of 65 cm from the nozzle [2, 8].
The future PANDA (anti-Proton ANnihilations at DArmstadt)
experiment at the FAIR (Facility for Antiproton and Ion Re-
search) facility will use a cluster-jet target as the first operating
target [9]. The PANDA hydrogen cluster-jet target prototype
was designed and built up at the University of Mu¨nster and is
routinely in operation since years and achieves a thickness of
more than 1015 atoms/cm2 at distance of 2.1 m from the noz-
zle [10]. Moreover, the final PANDA cluster-jet target is also
built up and already set successfully into operation and will be
installed at COSY in 2018 for detailed beam-target interaction
studies [11]. The realisation of the high target thickness at these
large distances in combination with a well defined cluster beam
to minimize the influence on the vacuum condition of the accel-
erator beam line is very important. Therefore, a set of orifices
is applied to separate the cluster beam from the residual gas and
to size and shape the beam [12].
While hadron physics experiments at internal synchrotron
target points typically require target thicknesses of up to
1015 atoms/cm2, experiments like the CryoFlash experiment to
study cluster-laser interactions performed by the University of
Mu¨nster in cooperation with the University of Du¨sseldorf [13],
and the planned MAGIX experiment at MESA aim for signif-
icant higher target thicknesses, i.e. ρareal > 1018 atoms/cm2.
Therefore, the interaction between the laser or electron beam
with the cluster beam will be performed directly behind the noz-
zle without any further use of beam skimmers.
The MAGIX experiment will consist of a jet target and two
identical spectrometers equipped with GEM detectors (Gas
Electron Multiplier) as focal plain detectors, to measure the an-
gle and momentum of the scattered particles and will be lo-
cated in the energy recovering sector of MESA [14]. There
an electron beam with a beam current of I = 10 mA will
be provided [15], corresponding to a possible event rate of
N˙int = I/e ≈ 6.2 × 1016 s−1. The design luminosity for the
MAGIX experiment of L = 1035 cm−2s−1 corresponds via
L = N˙int · ρareal (1)
to an areal target thickness of ρareal ≈ 1.6 × 1018 atoms/cm2
for the target. The target presented here is designed to achieve
even higher target thicknesses to be more flexible to the
future experimental program planned at MAGIX. Moreover,
to minimize the background reaction rates, a jet target has
the advantage that the target material is directly injected into
the scattering chamber, thus there is no need for foils or
windows between target and accelerator beam. Another further
measure to minimize the background is the optimization of
the vacuum conditions in the scattering chamber. Therefore, a
catcher system opposite to the nozzle will be installed to guide
the cluster beam directly after the interaction point with the
accelerator beam out of the scattering chamber. Depending
on the experimental program at MAGIX, the target offers
the possibility to be operated with different gases as target
material. Besides that, the nozzle geometry can be adapted to
the requests for the desired gas, target thickness, size and shape
of the cluster beam. The jet target was designed, built up and
set successfully into operation at the University of Mu¨nster
[16, 17, 18].
The MAGIX experiment will use electron scattering for
precision measurements of fundamental constants, such
as the proton radius or the astrophysical S-Factor [19].
The precise measurement of the proton charge radius is
essential to solve the existing proton radius puzzle. Mea-
surements with muonic hydrogen resulted in a radius of
rp = (0.84184 ± 0.00067) fm [20]. In comparison to the
CODATA value of rp = (0.8751 ± 0.0061) fm [21] which is
dominated by studies on laser spectroscopy with hydrogen,
this value is 5σ lower, but ten times more precise. A follow-
ing measurement using electron-proton scattering at MAMI
yielded a charge radius of rp = (0.879 ± 0.008) fm [22], which
enlarged the discrepancy up to 7σ. A new approach to measure
the proton charge radius applies the initial state radiation tech-
nique. First results lead to a radius of rp = (0.810 ± 0.082) fm
[23]. Due to the relatively large uncertainty, new measurements
using this technique with the jet target presented here for
MAGIX will be performed to confirm the proton radius [24].
While the MAGIX@MESA facility with its energy recovering
accelerator is still in preparation, the target is already available
for optimisation and preparatory studies on the beam-target
interaction and is planned to be used for first electron scat-
tering experiments at a ”conventional” accelerator. For this
purpose since August 2017, the target is installed at the MAMI
(MAinzer MIkrotron) electron accelerator complex in Mainz
(Germany) to perform, e.g., additional measurements on the
proton radius puzzle.
2. Experimental Setup
Design Stagnation Conditions. Cluster-jet targets provide high
and constant target thicknesses, e.g. directly behind the noz-
zle, which are determined by both the stagnation conditions of
the gas in front of the Laval nozzle and the nozzles geometry.
Laval nozzles have a specific convergent short inlet zone which
merges after the narrowest inner diameter in a long divergent
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outlet zone. Assuming a homogeneous distribution within the
jet beam, the volume density is defined by the mass flow m˙
through the nozzle, the velocity v of the clusters, the cross sec-
tion Abeam of the cluster beam, the Avogadro constant NA and
the molar mass M of the gas:
ρvolume =
m˙
v · Abeam ·
NA
M
. (2)
The mass flow m˙ itself is directly proportional to the volume
flow qv:
m˙ =
qv · M · pN
R · TN , (3)
wherein pN = 1.01325 bar and TN = 273.15 K are the normal
pressure and normal temperature, and R the universal gas con-
stant. The volume flow in turn is determined by the stagnation
conditions of the gas in front of the nozzle p0 and T0, the cross-
section area of the nozzle at the narrowest point A∗ and the heat
capacity ratio κ = Cp/CV [25]:
qV = A∗
p0√
MT0
TN
pN
(
2
κ + 1
) κ+1
2(κ−1) √
κR. (4)
Consequently, the volume flow through the nozzle and the areal
target thickness can be determined in dependence of the stagna-
tion conditions of the gas in front of the nozzle. Here hydrogen
is used as the first desired target material (see Figure 1). Fur-
thermore, the volume density ρvolume can be converted to the
areal target thickness ρareal by an integration along the target
beam diameter [12]:
ρareal = 2
∞∫
0
ρvolume (r) dr. (5)
The calculations shown in Fig. 1 were made for a Laval noz-
zle with a narrowest inner diameter of d∗ = 0.5 mm and an
outlet diameter of d = 1 mm. In detail graphs of same volume
flows feasible with different pressure and temperature combi-
nations are shown. Additionally, a constant and in the range of
the desired areal target thickness of ρareal = 5× 1018 atoms/cm2
is assumed and plotted for all possible stagnation conditions.
In order to reach the designed target thickness, various pres-
sure and temperature combinations are feasible (blue dots). It
should be stressed, however, that at same thickness an increase
in temperature and pressure leads to an increase of the noz-
zle flow. To improve the vacuum conditions in the scattering
chamber and also in the accelerator beam line, which results in
minimized background signals, the lowest achievable tempera-
ture and pressure pair to realise the target thickness should be
chosen as operation conditions of the jet target. Additionally, a
decrease in temperatures leads to an onset and increase of the
cluster formation process. The resulting cluster beam has the
advantage, that it is well defined and less divergent in lateral
direction compared to a conventional gas jet beam. Moreover,
the target thickness does not decrease as rapidly with the dis-
tance from the nozzle. The underlying reason is that the mean
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Figure 1: Coloured curves indicate different constant volume flows through the
nozzle achievable with various temperature and pressure combinations. Ex-
emplary pressure-temperature pairs with a constant areal target thickness of
ρareal = 5 × 1018 atoms/cm2 are shown with a solid line assuming a jet diam-
eter of 1 mm. The points of intersection between the curves and the solid line
represent possible working stagnation conditions. Due to the cluster forma-
tion process and the resulting advantages the lowest temperature and pressure
combination should be chosen.
size of the clusters increases with decreasing temperature and
is predictable via the Hagena’s scaling law [26]:
N = AN
(
γ∗
1000
)γN
, (6)
wherein N is the average cluster size, γ∗ the Hagena parameter,
AN = 33 and γN = 2.35 are empirical values for γ∗ > 1800
[27, 26]. The Hagena parameter γ∗ itself is given by
γ∗ =
kˆp0
(
0.74dn
tanα1/2
)0.85
T 2.290
, (7)
with kˆH2 = 184 being a gas dependent constant [28], p0 the
stagnation pressure and T0 the temperature, dn the nozzle
diameter, and α1/2 the expansion half angle of the nozzle
outlet. Successfully performed measurements of cluster mass
distributions at the University Mu¨nster demonstrated, that the
Hagena’s scaling law agrees well to the results obtained with
hydrogen cluster beams except for a constant underestimation
factor of 2.6 [12]. This factor might be caused by the fact that
the Hagena formula was mostly investigated for rare gases and
not for hydrogen.
For the MAGIX target, two different Laval nozzle designs
for the jet beam are chosen. The first Laval nozzle has
a narrowest inner diameter of d∗ = 0.5 mm and an outlet
diameter of d = 1 mm (cf. Fig. 1) and the second one the
same narrowest inner diameter, but an outlet diameter of
d = 2 mm. For both nozzles a temperature of T = 40 K and
a volume flow of qv = 40 `/min are determined as design
operating stagnation conditions. This results for the first
nozzle (outlet diameter d = 1 mm) in an areal target thickness
of ρareal = 5 × 1018 atoms/cm2 and for the second nozzle
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Figure 2: CAD drawing of the jet target for MAMI and MAGIX. The liquid
nitrogen dewar in combination with the cold head is used to cool the gas down
to temperatures around T = 40 K if high gas flows are required. The nozzle is
mounted with a nozzle extension on the cold stage of the cold head. Addition-
ally, to achieve a high acceptance for the electron spectrometers, the jet target
has a conical tip with 20 ◦. Generated by D. Bonaventura, WWU Mu¨nster.
(outlet diameter d = 2 mm) in an areal target thickness of
ρareal = 2.4 × 1018 atoms/cm2. By this, depending on the
experimental needs by choosing an appropriate nozzle temper-
ature, the target can be used as conventional gas jet target or as
cluster-jet target. Moreover, the feasibility of the target to be
operated at such low temperatures will enable to produce also
cluster beams from heavier gases such as Ar, O2, N2, Xe, and
many more.
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Figure 3: Schematic view of the gas (red) and vacuum system of the jet tar-
get for MAMI and MAGIX. The gas is precooled in the booster stage and is
then directed to the cold head and the nozzle. The double-walled walls of the
booster stage and the insulation vacuum chamber are pumped via turbomolec-
ular pumps to minimize the heat exchange. Additionally, the two stages of the
cold head are equipped with temperature diodes and heat cartridges to monitor
and control the temperature of the used gas (cf. table 1).
Design of the Target. Based on the described requirements, e.g.
the target thickness, and the design operating stagnation condi-
tions, the jet target for MAGIX was designed at the Univer-
sity of Mu¨nster (CAD drawing see Fig. 2, gas and vacuum
system see Fig. 3). To achieve the cooling at a volume flow
of qv = 40 `/min hydrogen down to temperatures of around
T = 40 K, a two stage cold head is used (see table 1). This
powerful cold head device allows for lowest temperatures of
13 K without hydrogen gas flow, at low hydrogen gas flows, i.e.,
T = 20 K at qv = 5.5 `/min, and even at relatively high hydro-
gen gas flows of qv = 25 `/min temperatures of T = 50 K can
be realised. The hydrogen gas is directed through pipes around
the two cooling stages (warm and cold stage) of the cold head.
At these two stages the pipes are made out of copper to ensure
an optimal heat transfer between the cold head and the used gas.
The transfer parts, i.e., the section between the two stages and
the pipes towards the gas inlet section, are made out of stain-
less steel, to guarantee a minimal heat exchange of the stages
operated at different temperatures. Additionally, the cold head
is enclosed in an insulation vacuum chamber, pumped via a tur-
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bomolecular pump (see figure 3), to insulate the cooled parts.
Due to the use of bellows the insulation vacuum reaches up to
the nozzle area. Therefore, only a small amount of the cooled
device (nozzle area) has direct contact to the vacuum in the scat-
tering chamber which ensures minimal heat transfer. Thus, the
target reaches lowest temperatures due to minimized transfer
even at high gas flows through the nozzle which corresponds to
higher pressures in the interaction vacuum chamber.
To offer the possibility to realise even lower temperatures, a
booster stage is installed before the gas enters the cold head
cooling system. This pre-cooling system is filled with 14 ` of
liquid nitrogen and the hydrogen gas is directed through wind-
ings of copper pipes inside the vessel, whose walls are double-
walled with vacuum in between to minimize the nitrogen con-
sumption due to heat losses. The pre-cooled gas then enters
the cold head system through an insulated pipe via a vacuum
feedthrough. The efficient cold head in combination with the
pre-cooling system of the target, makes it very well suited for
a wide range of application. Without any change in the setup
of the target, the target can operate as a gas jet target at normal
temperature, but otherwise cool down very high gas flows of
qv = 40 `/min down to temperatures of T = 40 K, and lower
gas flows to even lower temperatures, to realise a cluster beam.
The nozzle used to produce the cluster beam is assembled with
a nozzle extension on the cold stage of the cold head for a max-
imal detector acceptance. This extension can easily be adapted
to the experimental needs and allows for a variation of the noz-
zle position. Furthermore, this setup allows for a simple ex-
change of the nozzle, which is essential for the different ex-
perimental issues due to the varying gas types and target thick-
nesses realisable with different nozzle geometries. The nozzle
is sealed with a special polyimide sealing, which supports the
simplicity of a nozzle exchange. The sealing is reusable and in
comparison to the previous used indium sealings, the new one
ensures a clean extraction, a non tilting mounting of the nozzle,
it avoids the necessary cleaning of the nozzle and devices from
the indium, and prevents from fine particles in the gas system
which might block the nozzle. Moreover, the sealing is ideally
suited for this application due to its cold resistance to ensure the
tightness between nozzle and nozzle seat. To ensure a blocking
of the fine nozzle due to impurities in the gas, two sinter filters
are installed in the pipe. The special polyimide sealing for the
nozzle sealing is also used inside the target for sealing the in-
dividual components due to the radiation resistance needed for
the application at an electron accelerator. In order to allow for
a high detector acceptance, the target has a conical tip of 20 ◦.
Furthermore, to monitor and control the pressure and temper-
ature of the gas in front of the nozzle, a baratron, temperature
diodes, and heat cartridges are installed in the two stages of
the cold head (details see table 1). The jet target allows for a
vacuum-tight flexible connection via a bellow to the future scat-
tering chamber, which enables the possibility to install a system
to adjust the target in regard to the accelerator beam.
The design of the target is sophisticated and optimized to the re-
quirements on current and future experiments using a jet target,
which find their applications in various fields of research, like
their use in combination with hadron, lepton or laser beams.
Therefore, this target served already as the basis for forthcom-
ing targets, i.e., the CryoFlash target which is currently built
up at the University of Mu¨nster. Furthermore, the compact de-
sign of the target enables for an easy and fast installation or re-
moval at the experimental facilities and is well suited for com-
plex structures, because it takes low physical space and can be
installed in any orientation (with possible rotation of the N2 de-
war). The different working conditions (gas jet target or cluster-
jet target) in combination with the possibility to use diverse
gases as target material, and the simple exchange of the noz-
zle to realise various nozzle geometries, makes this target to a
powerful state-of-the-art target.
Table 1: Specifications of the assembled devices in the target to cool the gas
and to monitor and control the gas temperature of the target.
device specification
cold head Leybold Coolpower 10MD
1. Stage: 110 W at 80 K
2. Stage: 18 W at 20 K
compressor Leybold Coolpak 6000H
temperature control Lakeshore 336
temperature diodes 1. Stage: 2× DT 670 (Lakeshore)
2. Stage: 2× DT 670 (Lakeshore)
heating cartridges 1. Stage: 2 × 100 W (Lakeshore)
2. Stage: 2 × 50 W (Lakeshore)
3. Results
In autumn 2016, the jet target for MAMI and MAGIX was
built up and set successfully into operation at the University
of Mu¨nster. It was possible to successfully demonstrate that
the target achieves the design operation stagnation conditions
at given hydrogen gas flows. Furthermore, to perform detailed
cluster beam analyses, a Mach Zehnder interferometer was as-
sembled (Figure 4) [16].
The interferometer offers the possibility to investigate the ab-
solute and relative target thickness within the cluster beam and
additionally to calculate the shape and the range of the beam.
Such studies are of great relevance in order to design an ef-
fective beam catcher system installed close to the interaction
zone in order to improve the vacuum conditions in the scatter-
ing chamber.
The interference of the reference laser beam and the analysis
beam, which is directed through a vacuum chamber where the
cluster beam is located, is monitored by a camera sensor. The
superposition of the two beams generates typically interference
bands, and the nozzle is visible as a dark shadow. A phase shift
in the interference bands corresponds to a change in the refrac-
tive index caused by a variation in the target thickness. Since
the target will also be used for experiments with heavier gases,
first measurements were performed with nitrogen instead of hy-
drogen as target material. The used Laval nozzle had a narrow-
est inner diameter of d∗ = 0.5 mm and an outlet diameter of
d = 2 mm and was produced at the University of Mu¨nster by an
electroplating process. This nozzle production process enables
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Figure 4: Sketch of the Mach Zehnder interferometer used to perform jet beam
studies with the target for MAMI and MAGIX. A laser beam is widened and
adjusted with a beam expander and a spatial filter. With a beam splitter the
beam is divided into two sub-beams. The reference beam is directed via optical
components to a camera. The analysis beam is guided with a mirror through a
vacuum chamber, where the cluster beam is located and interferes then with the
reference beam on the camera sensor.
the possibility to manufacture nozzles with narrowest inner di-
ameter, e.g. between 0.012 mm - 0.5 mm, and variable inlet
and outlet geometry. The nitrogen gas expands at T0 = 288 K
with a pressure of p = 20 bar into the non-evacuated vac-
uum chamber, so that an expansion into atmospheric pressure
(pa = 1.013 mbar) can be observed. Figure 5 shows the jet
beam expanding from bottom to top after reconstruction of the
target thickness from the interference pictures. For details on
the applied method, using the fast forward Fourier transforma-
tion to calculate the phase shifts which are proportional to the
target thickness, the reader is refered to [29]. The colour code
in Figs. 5 - 8 represents the relative target thickness in a linear
scale.
Clearly visible is the typical node structure with maximum
and minimum target thicknesses. The jet beam is reflected at
the free-jet boundary conditions and compressed to a minimal
cross-sectional area, the so called Mach disk shock [30]. Addi-
tionally, typically for a gas jet beam the target thickness de-
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Figure 5: Expanding nitrogen jet beam (p0 = 20 bar, T0 = 288 K) from bottom
to top into atmospheric pressure recorded with a Mach Zehnder interferometer.
The nozzle (not visible) with a narrowest inner diameter of d∗ = 0.5 mm and
an outlet diameter of d = 2 mm is located between 2 mm - 4 mm in x position
at the bottom directly under the edge of the visible area. A jet beam with its
typically node structure over a distance of more than 4.5 mm can be observed.
creases with increasing distance from the nozzle. The node
structure can be described well by [30]
xM
d∗
= 0.67 ·
√
p0
pa
(8)
wherein xM is the distance between the thickness nodes and
pa the pressure in the vacuum chamber. Due to the ambient
pressure of pa = 1.013 mbar the first nodes are located within
the nozzle and not visible in the picture taken with the Mach
Zehnder interferometer. Because of the friction between
the jet beam and the residual gas, the distances between the
subsequent nodes decreases with increasing distance from the
nozzle. As a good approximation, the distance between the
first two visible nodes after the nozzle exit can be estimated
and compared with the empirical description (Figure 6). These
measurements were taken at gas input pressures between
p0 = 14 bar and p0 = 20 bar in steps of 1 bar and are in excel-
lent agreement with the prediction of Eq. 8. Consequentially,
the assembled Mach Zehnder interferometer is ideally suited
to study the shape and the thickness structures of the jet beam,
which is from highest interest to optimize an optional catcher
system for the jet beam after the interaction with the accelerator
beam.
The jet beam shape changes significantly if the vacuum
chamber is evacuated. In a following investigation the same
nozzle, same gas, and pressure and temperature of the gas in
front of the nozzle were used. Only the pressure in the chamber
was reduced to pa = 4 mbar by evacuating the chamber with
a roots pumping system. The resulting reconstructed thickness
distribution is presented in Figure 7 and shows a jet beam which
expands rapidly in lateral direction. After a distance of already
3 mm, the jet beam has no appreciable thickness and disappears
in the background vacuum.
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tween the nodes via Eq. 8 and the measurements taken at gas input pressures
between p0 = 14 bar and p0 = 20 bar in steps of 1 bar (cf. Figure 5). A higher
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Figure 7: Expanding jet beam from bottom to top into vacuum (pa = 4 mbar)
recorded with a Mach Zehnder interferometer. The nozzle, the gas, and the
pressure and temperature of the gas in front of the nozzle are equal as in Figure
5. The nozzle (not visible) is located, but not visible at the bottom between
1 mm - 3 mm. A jet beam can be observed, which expands rapidly in lateral
direction and vanishes already after 3 mm.
Such a jet beam is not feasible for an experiment like MAGIX
due to the high gas load remaining in the scattering chamber
increasing the background rates. Instead, a beam catcher sys-
tem has to be used which requires a well defined beam with a
large range in order to leave the scattering chamber to large ex-
tend. Therefore, the gas in front of the nozzle will be cooled
down to temperatures of T = 40 K, where the cluster forma-
tion process takes place. Measurements with the Mach Zehnder
interferometer at the design stagnation conditions (T = 40 K
and qv = 40 `/min) and hydrogen as target material were per-
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Figure 8: A hydrogen jet beam recorded at the design stagnation conditions for
MAGIX (T = 40 K and qv = 40 `/min) with a Mach Zehnder interferometer.
The nozzle tip is visible as a bright area between 2.5 mm - 4.5 mm at the bottom
with a hight of around 0.5 mm. A well defined jet beam (direction from bottom
to top) leaves the nozzle and is clearly visible over the full field of view, i.e. ≥
30 mm from the nozzle. The colour code represents the relative target thickness
in a linear scale.
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formed.
Figure 8 shows the reconstructed thickness obtained at this
measurement. The nozzle is visible as a bright shadow at the
bottom with a diameter of 2 mm and the cluster beam direc-
tion is from bottom to top. Different to the observations using
a jet beam at room temperature the cluster beam is well defined
over a long distance (> 30 mm) and has a diameter of roughly
2 mm−3 mm. In comparison to the empirical description of the
node structure (cf. Eq. 8), in distances of 7.6 mm nodes should
occur, but due to the formation of massive clusters no clear dis-
tinct thickness nodes are visible within the jet beam.
Although the Mach Zehnder device allows for the determina-
tion of absolute target beam thicknesses, here only relative val-
ues are presented. Instead, the absolute scale can be determined
with much higher precision by using Eqs. 2 - 5 in combination
with the well known nozzle exit diameter. Furthermore, the
Mach Zehnder studies demonstrated the reproducibility and sta-
bility of the target. The temperature and the pressure of the gas
in front of the nozzle, and the gas flow were found to be stable
during the full time with accuracies of ∆T < 1 K, ∆p < 0.1 bar,
and ∆qv < 1 `/min given by the readout resolution of the target
control devices. Consequently, the target thickness, the beam
shape, and the position of the target beam remains the same, so
that there is no need for a re-adjustment of the jet beam during
future beam times.
In the present measurement of Fig. 8, an areal target beam
thickness of ρareal = 2.4 × 1018 atoms/cm2 in the center of the
nozzle exit has been calculated. Obviously an operation in the
cluster mode allows for the possibility to provide a well defined
target beam, which can be extracted after the interaction zone
by an appropriate beam catcher device with an opening aper-
ture matching the target beam diameter. Due to the absence of a
beam catcher resulting in a relatively high gas load to the exam-
ination chamber equipped with vacuum pumps of only limited
pumping speed of ∼ 400 m3/h, the chamber pressure reached
values of 6 mbar. Later at the MAMI accelerator and at the
MAGIX experiment the vacuum will be improved significantly
by the use of a powerful vacuum pumping system, i.e. consist-
ing of two turbomolecular pumps and a roots pumping system
with pumping speeds of 5000 `/s and 7000 m3/h, respectively.
Upcoming studies will lead to an optimized beam catcher sys-
tem to significantly improve the vacuum at the interaction point
[31].
Summary
A high-performance state-of-the-art target was designed,
built up and set successfully into operation at the University of
Mu¨nster considering the requirements of the experimental setup
of MAGIX. The target allows for different working stagnation
conditions (temperature and gas flow through the Laval nozzle)
in combination with different nozzle geometries and different
gases as target material. Therefore, it is highly suited for the
MAGIX experiment and serves as a basis for future targets for
forthcoming experiments, e.g. CryoFlash. In this publication, it
was shown, that the target fulfils exceedingly all requirements.
Moreover, two suitable Laval nozzles manufactured for the de-
sign stagnation conditions (T = 40 K and qv = 40 `/min) for
first measurements are discussed. These parameters allow for
an areal target thickness of up to ρareal = 5 × 1018 atoms/cm2
directly behind the nozzle.
Measurements performed with a Mach Zehnder interferometer
demonstrate the difference between a conventional gas jet with
a rapid divergence in lateral direction and a well defined cluster
beam with a high range of the thickness by cooling the gas in
front of the Laval nozzle down to temperatures of T = 40 K.
The stable and high performance of the target was shown in
first successful commissioning beam times at the A1 hall at the
MAinzer MIkrotron (MAMI) in summer 2017 and first cross
sections of the elastic electron-proton scattering with excellent
low background were taken (for more details see [16, 32]).
Moreover, the quality of these data proved the capability of
the new experimental setup using the jet target which is ideally
suited for precision measurements. Furthermore, the A1 exper-
iment offers the possibility to scan the jet beam of the target
with the electron beam by deflection magnets. The resulting jet
beam profiles give further information about the thickness and
the shape of the jet beam, which are of high interest for both the
jet beam optimization and the later data analysis ([16, 32]).
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